This study investigated the effects on gap formation in Class I restorations (observed by vertical and horizontal forms of inspection) and on the mechanical properties of nine resin composite filling materials when the restorations were subject to finishing immediately after setting or after one-day water storage. Class I restorations with resin composite fillings were polished either immediately (3 min) after setting or after one-day water storage. Interfacial gap formation (observed by vertical inspection) was assessed using 14 gap measurement points along the interface between the restoration and cavity walls and floor (n = 10 per resin composite; total points measured per time point = 140). For marginal gaps formed at cavosurface margins in Class I cavities and in Teflon molds, marginal gap formation (observed by horizontal inspection) was assessed by measuring the maximum gap-width and opposing width (if any). Effects on mechanical properties were assessed by measuring shear bond strengths to enamel and dentin, flexural strength and modulus. After one-day storage, marginal gap-widths in Class I restorations were significantly decreased for all composites, alongside a significant increase in shear bond strengths to enamel and dentin, flexural strength and modulus. Resin composite-filled Class I restorations which were polished after one-day delay presented lower gap formation compared with finishing immediately after setting.
Introduction
Polymerization shrinkage occurs during the early stage of polymerization of light-activated dental composites. This phenomenon adversely affects interfacial adaptation and bonding to tooth structure because the shrinkage forces generated can disrupt the bond to cavity walls and result in gap formation. As for the adhesive systems used to bond the restorative filling materials to tooth structure, their issues of flow ability, polymerization shrinkage and the resulting destructive shrinkage stress further contribute to gap formation in resin composite restorations [1] [2] [3] [4] [5] [6] [7] [8] . Filling technique and composite type may also affect the adhesion of composites a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 [9, 10] . Compromised marginal integrity at the resin-tooth interface will lead to bacterial penetration, and subsequently pulpal damage and postoperative sensitivities [1, 5, 6] . One way to predict the clinical success of dental composite restorations in vitro is to evaluate marginal adaptation [11] [12] [13] . In butt-joint cavities restored with an adhesive system and a resin composite filling, the magnitude of interfacial gaps formed is dictated by these factors: (1) adhesive forces between the restorative material and cavity walls; (2) degrees of volumetric contraction of filling and luting materials; and (3) flow properties of filling and luting materials [4, [11] [12] [13] .
Self-etch primer adhesive systems and all-in-one adhesives vary in their acidity because of differences in the composition and concentration of polymerizable acids and/or acidic resin monomers [9] [10] [11] [12] [13] [14] [15] . Compared with adhesive systems that need separate acid-conditioning and rinsing steps, these adhesives require less complicated, less time-consuming, and less technique-sensitive application procedures. Clinically, interfacial bonding provided by these contemporary adhesive systems must be sufficiently strong to withstand masticatory and parafunctional stresses in the wet, warm oral environment. Therefore, the mechanical properties of both resin composite restorative filling materials and luting agents directly influence the marginal seal or gap formation, which then affects the clinical success of dental composite restorations [14, 16, 17] .
The mechanical properties of restorative filling materials and luting agents have been evaluated using in vitro flexural testing [14, 17] . In our previous studies [14, 17] , dental restorations which were polished after one-day storage following light activation had improved shear bond strength and flexural properties, and thus improved marginal integrity. Similarly for luting agents, their shear bond strengths to dentin and flexural moduli increased after one-day storage, coupled with markedly decreased incidence of interfacial gaps [17] .
In the present study, Class I cavities were restored with nine different commercial resin composite filling materials and self-etch adhesives. At 3 min after the start of light activation and after one-day storage, shear bond strengths to enamel and dentin and flexural properties of resin composite filling materials were measured. Gap formation after immediate and oneday-delayed polishing was assessed to investigate the effects of these mechanical properties on interfacial gap formation. The hypothesis to be tested in this study was that premature finishing would significantly reduce gap formation as opposed to delayed finishing.
Tooth preparation procedures, mixing, and handling were carried out according to manufacturers' recommendations (Table 2) . A visible light curing unit (New Light VL-II, GC, Tokyo, Japan; fiber optic tip diameter: 8 mm) was used to irradiate the light-activated materials for 20 sec. Using a radiometer (Demetron/Kerr, Danbury, CT, USA), light intensity was checked immediately before the application of each adhesive resin and composite filling material. During light curing, light intensity was maintained at 450 mW/cm 2 .
Preparation and restoration of Class I cavities
Each human premolar tooth was embedded in a slow-setting epoxy resin (Epofix, Struers, Copenhagen, Denmark). A Class I cavity was prepared in the enamel surface using a tungsten carbide bur (200,000 rpm) and a fissure bur (8,000 rpm) under wet conditions. Cavity dimensions were standardized as follows: 3.5 mm diameter and 1.5 mm depth (Fig 1, C -factor = 2.72) [18] . Cavosurface walls were finished to a butt joint. Cavity design used in the present study differed from clinical Class I cavities in that cavity corners were at right angles for the purpose of obtaining constant-volume models. One cavity was prepared in each of 180 teeth (9 resin composite restorative materials × 2 polishing times × 10 replicates). A single operator (Masao IRIE) carried out all the procedures (cavity preparation, adhesive system application, restoration and polishing).
Cavity walls and surrounding enamel margin were pre-treated according to manufacturers' instruction ( Table 2) . Each cavity was filled in with only one increment of each restorative material using a syringe tip (Centrix C-R Syringe System, Centrix, Connecticut, USA) and then covered with a plastic strip. Composite filling was cured by light irradiation.
Inspection for interfacial gaps between restoration and cavity walls (Vertical inspection)
Immediately after setting (i.e., at 3 min after the start of light activation) or after storage in distilled water at 37˚C for one day, excess composite restorative material on each restoration surface was removed by wet grinding on #600 carborundum paper. This was followed by polishing with linen and an aqueous alumina slurry (Alpha Micropolish, Buehler, Chicago, IL, USA). Then, distilled water was used for rinsing to avoid desiccation and erosion. Each tooth was sectioned in a buccolingual direction through the center of the restoration with a low-speed diamond saw (IsoMet, Buehler, Lake Bluff, IL, USA). The presence or absence of interfacial gaps [14] was inspected and measured at 14 points, labelled as Point #1 to Point #14, each 0.5 mm apart (Fig 1) , along the interface between the restoration and cavity walls (n = 10; total points measured per resin composite = 140). Inspection and measurements were carried out using a measurement microscope at ×1,000 magnification (Measurescope MM-11, Nikon, Tokyo, Japan), with the cavity walls and cavity floor of each half of the sectioned tooth facing up. At 3 min after the start of light activation or after one-day storage, the number of gaps at each measurement point (Point #1 to Point #14) in each tooth was summed up for each resin composite restorative material [14, 15] .
Inspection for marginal gap-widths between restoration and cavosurface margin (Horizontal inspection)
One cavity was prepared in each of 180 teeth (9 resin composite restorative materials × 2 polishing times × 10 replicates), using the same, standardized cavity dimensions and preparation and restoration procedures described in subsection 2.3 for Class I cavities. Immediately after light-curing, excess composite restorative material on each restoration surface was removed by wet grinding on #600 carborundum paper. This was followed by polishing with linen and an aqueous alumina slurry (Alpha Micropolish, Buehler, Chicago, IL, USA). Cavosurface margin on the enamel surface of each restoration (Fig 2) was inspected using a measurement microscope at ×1,000 magnification (Measurescope MM-11, Nikon, Tokyo, Japan). Maximum gap-width and opposing width (if any) between the restorative material and enamel margin was recorded [11, 12] . Maximum gap-widths in each tooth (n = 10) were summed up for each resin composite restorative material.
Measurement of marginal gaps in Teflon cavity (Horizontal inspection)
Teflon molds were chosen for this study because they do not react with resin composites, allowing them to freely shrink in the cavities during polymerization.
Prepared Teflon molds (n = 10), each of 1.5 mm depth and 3.5 mm diameter, were placed on silicone oil-coated glass plates and filled with a resin composite restorative material using a syringe tip. Each mold was covered with a plastic strip until set. Polymerization shrinkage was measured immediately after setting, and hygroscopic expansion (if any) was measured after one-day storage in water. Sum of the maximum gap-width and opposing gap width (if any) was expressed as the marginal gap of the resin composite material in the Teflon cavity [12] .
Measurement of shear bond strengths to enamel and dentin
Buccal surfaces were wet-ground with silicon carbide abrasive papers up to 1000 grit until a flat enamel or superficial dentin area of at least 4 mm diameter was exposed (n = 10 per resin composite). The flat exposed surface was treated according to manufacturers' instructions (Table 2) .
A split Teflon mold with a cylindrical hole (3.6 mm diameter, 2 mm height) was clamped to the prepared enamel or dentin surface in a mounting jig. With the cylindrical hole centrally positioned over the 4-mm-diameter prepared tooth surface, the Teflon mold was filled with a restorative material using a syringe tip (Centrix C-R Syringe System, Centrix, CT, USA). It was covered with a plastic strip, and the composite filling material was cured by light irradiation.
At 3 min after the start of light irradiation or after one-day storage, a shear force was applied using a universal testing machine (Autograph DCS-2000, Shimadzu, Kyoto, Japan) at a crosshead speed of 0.5 mm/min. The force was transmitted via a flat (blunt) 1-mm-thick shearing blade at a perpendicular direction to the load. Stress at failure was calculated and recorded as the shear bond strength. Failed specimens were examined under a light microscope at ×4 magnification (SMZ-10, Nikon, Tokyo, Japan) to ascertain the fracture mode (three categories: adhesive failure, mixed failure, or cohesive failure in resin), and determine the total number of adhesive failures [12, 17] .
Measurement of flexural strength and flexural modulus of elasticity
Resin composite specimens for flexural testing (n = 10 per resin composite) were filled into Teflon molds (25×2×2 mm 3 ) and light-cured in three overlapping sections, each cured for 20 sec.
Immediately after setting (i.e., at 3 min after start of light irradiation) or after one-day storage, resin composite specimens were subject to three-point bending test with a 20-mm span and a load speed of 0.5 mm/min (Model 5565, Instron, Canton, MA, USA), as outlined in ISO 9917-2 (1996). Flexural strength was determined from the highest stress experienced at fracture, and flexural modulus was accordingly calculated using an accompanying software (Series IX software, Instron, Canton, MA, USA). 
Statistical analysis
Data were statistically analyzed using Mann-Whitney U test, Tukey's test [12-14, 17, 19] , and t-test. Significant difference was set at p<0.05.
All procedures, except for testing, were performed in an air-conditioned room at 23±0.5˚C and 50±2% R.H.
Results and discussion
Interfacial gaps between restoration and cavity walls Tables 3 and 4 (using the measurement points #1 to #14 labeled in Fig 1) present the data for the summed interfacial gaps observed in Class I restorations at two time points: immediate versus after one-day storage. Data mean was not used because many specimens had no gaps. Therefore, the overall sum of data was used instead.
Marginal gap-widths between restoration and cavosurface margin Table 5 presents the data for the summed marginal gap-widths observed at cavosurface margin on the enamel surface at two time points: immediate versus after one-day storage.
For all resin composites products, significant differences (p<0.05) were observed in the marginal gap-widths formed between the immediate time point and after one-day storage (ranging from -40% to -92%). Immediately after setting, summed marginal gap-widths (sum of maximum gap width and opposing width (if any)) of all composites ranged between 34 and 88 μm, and a few specimens of each resin composite product had no gaps. After one-day storage, summed marginal gap-widths ranged between 5 and 29 μm, with a few specimens of each resin composite product presenting no marginal gaps. There were no statistically significant differences among the resin composites after one-day storage. Table 6 presents the marginal gap-widths formed in Teflon cavities at two time points: immediate versus after one-day storage.
Marginal gap-widths in Teflon cavities
For all resin composite products, no significant differences (p>0.05) in marginal gap-width were observed between the immediate time point and after one-day storage (ranging from -6% to +5%). At each time point, no significant differences (p>0.05) were observed among all the resin composite products, except Herculite XRV.
Shear bond strength to enamel Table 7 presents the shear bond strengths to enamel. Significant differences (p<0.05) in shear bond strength were observed between the immediate time point and after one-day storage for all resin composite products (except Clearfil AP-X), ranging from +16% to +109%.
Immediately after setting and after one-day storage, highest bond strengths were exhibited by BEAUTIFIL II. Lowest bond strengths were exhibited by QuiXX, Herculite XRV, Tetric EvoCeram, Gradia Direct P, EPIC-AP, and Estelite Sigma immediately after setting. After oneday storage, lowest bond strengths were exhibited by Herculite XRV, Tetric EvoCeram and EPIC-AP.
At both time points, the number of adhesive failures for each resin composite restorative material was almost zero. For all resin composite products, significant differences (p<0.05) were observed in the number of gaps formed between the immediate time point and after one-day storage At each time point and for all resin composites, points #1 and #14 presented the highest number of gaps. Points #4 and #11 at the cervical area also showed a few gaps. Points #5 to #9 at the cavity floor showed almost no gaps at both time points. Shear bond strength to dentin Table 8 presents the shear bond strengths to dentin. Significant differences (p<0.05) in shear bond strength were observed between the immediate time point and after one-day storage for all materials (expect P-60, Tetric EvoCeram, and BEAUTIFIL II), ranging from +18% to +89%. Immediately after setting and after one-day storage, highest bond strengths were exhibited by BEAUTIFIL II. Lowest bond strengths were exhibited by QuiXX, P-60, Herculite XRV, Tetric EvoCeram, Gradia Direct P, EPIC-AP, and Estelite Sigma immediately after setting. For all resin composite products, significant differences (p<0.05) were observed in the number of gaps formed between the immediate time point and after one-day storage (ranging from -31% to -61%). Immediately after setting, total number of interfacial gaps formed in each composite ranged between 27 and 38, with no statistically significant differences among the composites. After one-day storage, total number of gaps found in each composite ranged between 14 and 22, with no statistically significant differences among the composites.
https://doi.org/10.1371/journal.pone.0183381.t004 After one-day storage, lowest bond strengths were exhibited by QuiXX, P-60, Tetric EvoCeram, Gradia Direct P, and Estelite Sigma. At both time points, the number of adhesive failures for each resin composite restorative material was almost zero. Tables 9 and 10 present the flexural strength and modulus data, respectively, obtained at two time points.
Flexural properties
Significant differences (p<0.05) in flexural strength were observed between the immediate time point and after one-day storage for all resin composite filling materials, ranging from +31% to +80%. Immediately after setting, Clearfil AP-X showed the highest value while Gradia Direct P showed the lowest. After one-day storage, P-60 and Clearfil AP-X showed the highest values, while Gradia Direct P and Estelite Sigma showed the lowest. For flexural modulus data, significant differences (p<0.05) were observed between the immediate time point and after one-day storage for all restorative materials, ranging from +52% to +149%. Immediately after setting, Clearfil AP-X showed the highest value while Gradia Direct P and Estelite Sigma showed the lowest. After one-day storage, QuiXX and Clearfil AP-X showed the highest values, while Gradia Direct P showed the lowest.Cavity models which mimicked the geometry of typical Class I cavities were used in this study. Although these models provided only morphological simulation, they also provided a consistent, reproducible geometry which is essential for scientific studies. Microscopic analyses of marginal gaps formed at cavosurface margins and interfacial gaps formed internally within the cavities gave a three-dimensional portrayal of gap incidence in a Class I restoration. Statistically lower gap incidence was observed for all composite materials with one-day-delayed polishing when compared with finishing immediately after setting. Therefore, the hypothesis of this study Performance of Class I composite restorations which stated that premature finishing would significantly reduce gap formation when compared with delayed finishing was rejected. Polymerization shrinkage occurs before or after the gel point; only polymerization shrinkage which occurs after the gel point induces stress. In a cavity, post-gel shrinkage is counteracted by bonding to the cavity walls and plastic flow of the resin. For light-cured materials, they reach their gel points very rapidly [20] . When bonded to dentin in a tooth cavity, polymerization stress of resin-based adhesives reportedly increased only during light curing, reached their maximum shortly after light exposure, but showed a continuous decrease soon after [21, 22] . Since post-gel polymerization shrinkage presents the highest vulnerabilities for gap formation [12, 14, 22] , higher bond strength and higher plastic flow would result in lower polymerization stress. This is because these characteristics afford a longer time to resist gap formation and allow smaller gaps to be formed when the latter occurs.
Adhesive agents used in this study exhibited different shear bond strengths when measured immediately after polishing and after one-day storage. Bond strength depends on numerous factors: type of self-adhesive system, pH value, monomer type and concentration, solvent type (such as water or acetone), and adhesive composition (solvent and filler content). In the present study, there was neither moisture nor solvent evaporation control in the bonding procedure [23] [24] [25] [26] [27] [28] [29] . Thus, it was likely that some of these factors could have affected shear bond strength results-but it would be difficult to pinpoint the contribution of each factor based on the data obtained.
Self-adhesive systems were used in the present study because of interfacial continuity formed between the cavity walls and adhesive agents, which was accomplished by the simultaneous demineralization and penetration of these agents [28, 30] . This was a definite advantage over the problem of technique sensitivity associated with total-etch bonding systems. With Clearfil AP-X, immediate bond strength to enamel was greater than that to dentin. Subsequently, this adhesive agent showed no significant difference between immediate and oneday-delayed bond strengths to enamel. In the case of Clearfil AP-X, the pH value of its selfetch adhesive agent, Clearfil tri-S Bond, was 2.7 [31] . After etching the enamel substrate, resin tags were created to provide micromechanical retention. We surmised that the immediate bonding to enamel substrate provided by micromechanical retention was greater than that to dentin substrate, which was provided by a created hybrid layer [32] . Performance of Class I composite restorations
Most of the fracture modes seen after shear testing were mixed and cohesive failures in resin. Therefore, shear bond strengths to the tooth substrates (enamel and dentin) correlated with the mechanical strength of the filling material or luting agent [14, 17] . The higher bond strength after one-day storage, compared with the immediate condition [33] , resulted partly from the stiffer filling materials with higher moduli. In resin composite restorations, early shear bond strength and flexural moduli predominantly affected their early interfacial gap formation and marginal gap-width incidence. Likewise in the Teflon molds, these characteristics also influenced the formation of both interfacial and marginal gaps. After one-day storage, interfacial gap formation and marginal gap-width incidence were significantly reduced compared with the immediate condition [14] .
In the present study, commercially available resin composites were used for investigation. Despite significant differences in bonding performance, all composites displayed similar tendencies in their bond strengths to enamel and dentin and in their flexural properties when measured immediately after polishing and after one-day storage. This could be attributed to their similar filler-matrix ratios [34] .
For all resin composites examined in this study, the presence and width of interfacial gaps were significantly reduced when restorations were polished after one-day storage. Contributing causes were increased bond strengths to enamel and dentin after one-day storage (Tables 7 and  8 ) and increased flexural strengths and moduli (Tables 9 and 10 ). Resin composites were not plagued by the problem of excess water absorption and swelling, which then heightens the risk of gap formation. After one-day water storage, all Class I restorations revealed 14-22 interfacial gaps of 10-30 μm compared with 27-38 interfacial gaps detected immediately after polishing.
Cervical corners of resin composite restorations in this study yielded more gaps than the coronal corners. This was because cervical dentin tended to show lower bond strength than coronal dentin [30] .
Greater interfacial integrity exhibited by resin composite restorations in this study could stem from a combination of factors: smaller polymerization shrinkage, lower polymerization shrinkage stress, and good bond strength. In clinical settings, it might be advisable to delay polishing when resin composites are used for Class I restorations since improved mechanical properties were displayed after one-day storage. The clinical implication is that dentists and patients must agree to a next-day return visit for polishing to improve the survival rate of their restorations.
Conclusions
Commercially available resin composites tested in this study exhibited significantly improved interfacial integrity when Class I restorations were polished after one-day delay as opposed to polishing immediately after setting.
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